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Data from surveys of winter oilseed rape crops in England and Wales in growing seasons with harvests in 1987–99 were





 on winter oilseed rape crops the following spring (March/April), at both regional and individual crop
scales. Regions (groups of counties) with similar seasonal patterns of incidence (percentage of plants affected) of light
leaf spot were defined by using principal coordinates analysis on the survey data. At the regional scale, explanatory var-
iables for the statistical models were regional weather (mean summer temperature and mean monthly winter rainfall)
and survey data for regional light leaf spot incidence (percentage of plants with affected pods) in July of the previous
season. At the crop scale, further explanatory variables were crop cultivar (light leaf spot resistance rating), sowing date
(number of weeks before/after 1 September), autumn fungicide use and light leaf spot incidence in autumn. Risk of severe
light leaf spot (> 25% plants affected) in a crop in spring was also predicted, and uncertainty in predictions was assessed.
The models were validated using data from spring surveys of winter oilseed rape crops in England and Wales from 2000
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) is a damaging









., 1997), although con-
trol can be achieved by application of fungicides. Risk of
severe epidemics differs between regions of the UK, with
the most damaging epidemics in the north of England
and in Scotland. Severity of light leaf spot-epidemics





., 1996). Accurate predictions of the risk
of severe epidemics are therefore needed to guide decisions





a relationship between incidence (percentage of plants
affected) of light leaf spot at growth stage (GS) 3·3
(Sylvester-Bradley & Makepeace, 1985) in spring and per-
centage yield loss at harvest, with approximately 10%
yield loss for each additional 30% plants affected by light
leaf spot. However, incidence of disease in spring can be
decreased by fungicide applications between November













., 1996) and predictions of the incidence of
light leaf spot in spring can indicate the need for fungicide
treatment in autumn/winter. Light leaf spot is a polycyclic
disease, with epidemics initiated by wind-dispersed asco-
spores in autumn and maintained by secondary spread












., 2003). Leaf wetness is required
for infection by ascospores or conidia, and the length of
the latent period (from infection to production of new









., 2002). At a regional scale,
disease incidence may be related to initial inoculum
and weather conditions during the growing season, with
variation within regions attributed to individual crop fac-
tors such as cultivar resistance and fungicide application.
Experimental data from at least eight to 12 seasons are
required to assess effects of climatic factors on progress of
an epidemic (Coakley, 1988) to ensure that the dataset
contains a sufficient range of environmental conditions.
This paper describes the use of disease survey data from
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1987 to 1999 with meteorological data to construct models
to predict light leaf spot incidence (percentage of plants





The overall aim of this work was to develop region and
crop scale predictive models of disease incidence. The
regional model provided an assessment of relative risk of
light leaf spot epidemics for different areas of the country,
and the individual crop model provided a refined estimate
of the risk specific to local conditions. All statistical ana-
lyses were done using the statistical package GenStat for
Windows, 7th edition (Payne, 2000).
 
Winter oilseed rape disease survey (Defra)
 
The Defra (UK Department for Environment Food and





for England and Wales sampled approximately 100 crops
per season since 1987 (minimum 93 in 1986/87, maximum
125 in 1993/94), with numbers of crops sampled propor-
tional to oilseed rape area grown in each Defra region.
Random samples of 25 plants per crop were taken in
autumn/winter (late November to early February, GS 1·5–
1·9), spring (late March to early April, GS 2·0–3·3) and
summer (early July, GS 6·3–6·5). Disease assessments were
done on leaves in autumn and spring and on stems and pods
in summer and data stored in an Informix database, together
with farm and crop details. The incidence of light leaf spot
(percentage of plants affected) on all samples for harvest
years 1987–99 was extracted from the database, together
with records of sowing date (number of weeks before/
after 1 September), autumn fungicide application, cultivar
grown and farm location (county).
 
Definition of light leaf spot regions
 
Survey results have been reported using the former Defra
regions rather than counties, as too few samples per county





., 2000). However, since Defra administrative
regions did not necessarily give optimal groupings of coun-
ties for light leaf spot prediction, the county-by-season
light leaf spot incidence data were analysed to define
groups of counties with similar patterns of light leaf spot
incidence across years, as a basis for the regional models.
Generally, only counties with at least two samples per season
were included in the analysis. In some cases, adjacent
counties could be combined to give a group of counties
with at least two crops sampled per season. For South
Wales, there were only two crops sampled per season
across several counties. East Sussex (one crop per season)
was also included to improve representation of the south-
east of England. Since sampling had been intermittent in
south-west England, Wales and Kent and Sussex before
1991, two sets of analyses were done: the first for all
harvest years (1987–99) omitting these counties, and
the second using data from all counties for harvest years
1991–99 (Table 1). Potential groupings of counties into light
leaf spot regions were examined using principal coordi-
nates analysis, hierarchical cluster analysis using complete
linkage and nonhierarchical cluster analysis with five
or eight groups. Principal coordinates analysis (PCO) was
used in preference to principal components analysis (PCP)




season data matrix contained many
missing values. PCO requires a similarity matrix that
can be constructed using all the data, whereas PCP would
require the exclusion of counties with many missing values.
For these data, Euclidean distances were used to form the
similarity matrix. The criterion for defining a region was
that all counties in the region had similar patterns of
incidence of light leaf spot across seasons. In addition,
it was desirable that regions formed a contiguous (and
preferably compact) geographical grouping to make
the regions easily recognized by the end user (farmers
and their advisors). The new ‘light leaf spot’ regions were
compared with former Defra regions or Meteorological
Table 1 Mean number of crops sampled per season in the Defraa 
survey of pests and diseases on winter oilseed rape for counties 
or groups of counties used in analysis to define light leaf spot 
(Pyrenopeziza brassicae) regions of England and Wales
Counties/groups 
of counties






4 Derbyshire + South Yorkshire 2·1
5 Durham 2·3
6 Essex 7·2
7 Hampshire + Berkshire 3·8





13 Norfolk + Suffolk 7·7
14 Northamptonshire 4·8
15 Northumberland 2·9
16 North Yorkshire 6·9
17 Nottinghamshire 4·0
18 Oxfordshire 4·9
19 Staffordshire + Shropshire 2·3
20 Warwickshire 2·7
21 West Yorkshire 1·9
Sampled only in 1991–99
22 South Glamorgan + Mid-Glamorgan + Gwent 2·0




aUK Department for the Environment, Food and Rural Affairs.
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Office climatological regions (Anonymous, 1990) for their




 season light leaf spot incidence
patterns, using the Akaike Information Criteria (AIC,
see, for example, Tong, 1990; section 5·4). AIC is a criterion
used to compare (generalized) linear models with different
explanatory variables, by taking the log-likelihood (devi-
ance) of the model and penalizing this according to the




A large set of potential explanatory variables that were
expected to have relevance to light leaf spot disease
progress was used to develop the models. Survey data for
regional incidence of light leaf spot (percentage pods
affected) was used to represent average regional disease
risk from the previous season. Region effects were used to
summarize the average climate within each region. Mete-
orological variables were used to represent seasonal
variation in environmental conditions, but these were also
only available at a regional scale, and were summarized as
seasonal values, as described below. For individual crops,
the explanatory variables available were as follows:
the cultivar resistance rating for light leaf spot (1–9
scale; Anonymous, 1998); sowing date (number of weeks
before/after 1 September); use of autumn fungicide (yes/
no); and percentage of plants affected with light leaf spot
in the survey autumn sample. Autumn survey results were
available only for harvest years from 1990 onwards, so
the mean autumn survey value was substituted prior to
1990 to allow harvest years 1987–89 to be included in the
analysis.
 
Calculation of meteorological variables
 
Monthly regional values of mean temperature and total
rainfall were calculated using the ARCMET daily data-
base for a representative set of meteorological stations
within each light leaf spot region. Corresponding 30-year
(1961–90) regional means were calculated from a com-
parable set of meteorological station records from the
ARCMET historical database. The two databases did not
always have data from exactly the same set of meteoro-
logical stations, but they were matched as closely as
possible. Data available on a daily basis (ARCMET daily
database) were used for constructing the predictive model
so that updates could be made, but these stations had not
been operating for long enough to be used for long-term
mean calculations. Deviations from the long-term means




 region combination. Both
unadjusted weather variables and deviations from long-
term regional means were tested as explanatory variables.
Using deviations from long-term means allowed the
model to estimate the effects of weather factors relative to
regional means, rather than in absolute terms. Since there
was a high correlation between successive monthly mean
values of weather variables, autumn (September to
November) and winter (December to February) means
were calculated from monthly values to produce variables
with lower correlation. Weather variables from the sum-
mer before the start of each winter oilseed rape growing
season (e.g. July and August 1987 for 1987/88 growing
season) were also calculated as summer weather might
affect availability of inoculum in autumn.
 
Regional prediction (in autumn) of light leaf spot risk 
(in spring) from disease survey and weather data
 
To predict the regional mean incidence of light leaf spot in
spring, weighted linear regression was used to relate the









 is the regional mean percentage of
plants affected with light leaf spot] to regional effects,
weather variables and the regional incidence of light leaf
spot at the end of the previous season. The weights were
proportional to the number of crops sampled in each
season in each region, so that poorly sampled regions were
given less weight in the analysis. Two models were fitted,
using either deviations from regional long-term weather
(model 1), or unadjusted weather variables (model 2).
Forward stepwise regression was used to construct the
models. The assumption of a linear response to explanatory
variables was tested using smoothing spline terms, which
fit a nonparametric smooth curve and can thus be used to
detect nonlinearity in the relationship between variables.
 
Crop-specific prediction (in autumn) of light leaf spot 
risk (in spring) from disease survey, weather and crop 
factors
 
To predict light leaf spot risk for individual crops in
spring, a generalized linear model with binomial errors
and a logit link function was used to relate the number of
plants affected with light leaf spot in each spring sample
to the explanatory variables. All weather variables and
incidence of light leaf spot on pods in July at the end of the
previous season were calculated at a regional scale (i.e.
taking the same value for all crops in a region), as values
specific to each sample could not easily be obtained. To
predict the risk of light leaf spot in spring (percentage of
plants affected at early stem extension in March/April),
two different models were considered, using either devia-
tions from regional long-term weather (model 3) or unad-
justed weather variables (model 4).
The crop-specific models were constructed in two
stages. First, crop-specific variables were added into the
model, then regional variables (region effects, weather,
previous pod incidence) were added into the model using
stepwise regression, with the significance of these regional
variables assessed by comparing the change in deviance




 region mean deviance to take account of
the hierarchical structure of the data. Selected interactions
between the chosen variables were also examined. The
assumption of a linear response to explanatory variables
was tested using smoothing spline terms. The final models
were compared with a generalized linear mixed model
(Breslow & Clayton, 1993; using the PQL option in Gen-
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account of the hierarchical structure of the data (crops
within regions), but uses an approximation to avoid the
integration required to evaluate the full likelihood of the
data, and hence is only an approximate method of analysis.
Generalized linear mixed models were used to estimate







Crop-specific prediction (in autumn) of risk of severe 
light leaf spot epidemic (> 25% plants affected in 
spring) from disease survey, weather and crop factors
 
To predict the risk of severe epidemics for individual crops
in spring (> 25% plants affected with light leaf spot in
spring), the methods and sets of explanatory variables
(i.e. using deviations in weather or actual weather) used to
construct models were as given in the preceding section. In
this case, the response was a binary variable with value 1
for crops with > 25% of plants affected in spring, and zero
otherwise. The fitted models were labelled model 5 (using
deviations in weather) and model 6 (using actual weather).
 
Model validation and assessment of uncertainty in 
model predictions
 
Data from surveys of winter oilseed rape in England and
Wales, regional meteorological data and crop data from
growing seasons with harvest in 2000–03 were available
for model validation. There were 379 sample values of
percentage of plants affected with light leaf spot in spring
across the four years: 107 crops in 2000; 65 in 2001; 107
in 2002; and 100 in 2003. In the few cases that relevant
crop data were missing (date of sowing in six cases, culti-
var resistance rating in 32 cases), the long-term regional
mean from 1987 to 1999 was substituted. The reduction
in sampling in 2001 was due to restrictions caused by a
foot and mouth disease epidemic.
The regional models (models 1 and 2) were used to gen-
erate region-scale predictions for all regions in each year
during 2000–03. The crop-specific models (models 3 and
4) were used to generate crop-scale predictions for each
farm in the survey in each year during 2000–03. The crop-
specific models were also used to generate region-scale
predictions using the relevant long-term regional means in
place of individual crop data. A weighted mean square
error of prediction (MSEP) was used to quantify the pre-
dictive ability of the crop-specific and regional models at
both the crop and region scales. At the crop scale, the































 = 25 is the sample size in all cases. The 
weighting used in the mean square error calculation is the 
binomial variance corresponding to the predicted proportion 
of plants affected. At the regional scale, the MSEP value for 
















 is the logit-transformed






















number of crops used to form the regional mean. In this
case, the weighting used reflects the relative accuracy of
the regional means.
The MSEP values can be used to quantify and compare
the predictions of models for the validation dataset. At the
crop scale, MSEP values were calculated for predictions
from the crop-specific models (models 3 and 4) using actual
crop data, for predictions from the crop-specific models
using long-term regional mean values of crop factors, and
for predictions from the regional models (models 1 and 2)
applied to individual crops. At the regional scale, MSEP
values were calculated for predictions from the regional
models (models 1 and 2) and for regional means of pre-
dictions from the crop-specific models (models 3 and 4),
using either actual crop data or long-term regional mean
values of crop factors.
For prediction of the risk of severe light leaf spot
epidemics (> 25% plants affected) in spring (models 5 and
6), regional predictions of risk were obtained from the
crop-specific models as the average risk over crops in each














, is then interpreted as the proba-
bility of a crop in the region having > 25% plants affected
with light leaf spot in spring. Assuming independence
between crops, the number of crops in each region with
> 25% of plants affected with light leaf spot should behave
as a binomial random variable. Accordingly, the number
of crops in each region with > 25% of plants affected at
the spring survey in each year during 2000–03 was
assessed for its likelihood under a binomial distribution













To investigate the uncertainty in model predictions, the
empirical distribution of the data was examined. For a




, the actual incidence of light leaf









 was plotted. The crops
chosen could be taken from the whole dataset (1254
values) or restricted to crops from the same region as
the predictions (100–369 values, depending on region), to
give an indication of typical distributions of observed








Definition of light leaf spot regions
 
Hierarchical and nonhierarchical cluster analysis of the
22 counties/county groups with data for harvest years
1987–99 consistently placed several sets of counties in the
MSEP  
(   )
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same groups. For these data, the first and second principal
coordinate axes accounted for 57 and 13% of the vari-
ance, respectively. The same analysis with the 28 counties/
county groups with data for harvest years from 1991 to
1999 identified similar sets of counties that were consist-
ently placed together (Table 2). The first and second prin-
cipal coordinates then accounted for 57 and 15% of the
variance, respectively. The position of the counties/county
groups with respect to the first two principal coordinate
axes is shown in Fig. 1, and largely reflected the groups
found by cluster analysis. Considered together, these
analyses suggested several light leaf spot regions: south
(Hampshire, Berkshire, Buckinghamshire, Oxfordshire),
East Anglia (Norfolk, Suffolk, Cambridgeshire, Hertford-
shire, Northamptonshire, Bedfordshire), south-east (Kent,
Essex, East Sussex), north (North and West Yorkshire,
Durham, Northumberland) and the Midlands (Humber-
side, Lincolnshire, Leicestershire, Nottinghamshire, War-
wickshire, Derbyshire, South Yorkshire). There were
several counties which did not have any clear associations
with the regional groups [Gloucestershire, Wiltshire, South
Wales (Glamorgan and Gwent), Staffordshire, Shropshire,
Hereford and Worcester, West Sussex]. Gloucestershire
and Wiltshire are physical neighbours and take the same
value on the first principal coordinates axis, although they
are separated in the second (less influential) dimension.
The rest of these counties had only very small numbers of
samples (maximum 2·4) and so could not be placed with
any accuracy.
To achieve compact regional county groupings with
similar weather patterns, the Midlands group was split
into eastern and western counties. For practical reasons,
Wales was split into southern counties, allocated to the
‘south-west’ region, and the remaining Welsh counties,
allocated to the ‘west’ region. The final allocation of





 season means within a generalized linear
model (with binomial errors and logit link) to all individual
crop data (1987–99) gave AIC values of 10964 for the
new light leaf spot regions, 12180 for Defra regions and
13597 for UK Meteorological Office climatic regions,
indicating that the new light leaf spot regions gave an
improved grouping in relation to seasonal patterns of light
leaf spot incidence.
For these light leaf spot regions, the regional values of
percentage of plants affected with light leaf spot in March/
April showed substantial variation between both seasons
and regions (Fig. 2). The seasonal pattern changed rela-
tively smoothly, with highest incidences of light leaf spot
for seasons with harvest years from 1988 to 1990 and
1993 to 1995. The incidence of light leaf spot in March/
April was generally higher in the ‘north’ and ‘west’ regions
but the regions changed in ranking for severity with sea-






Quantifying differences between light leaf spot regions in 
terms of weather variables
 
To quantify the difference between light leaf spot regions
in terms of climate, weighted linear regression was used
on the seven logit-transformed regional means (mean
percentage of plants affected with light leaf spot in
March/April, 1987–99). Weights were proportional to the
number of samples per region used to calculate each mean
and explanatory variables were regional long-term mean
Table 2 Definition of light leaf spot (Pyrenopeziza brassicae) regions for 
England and Wales derived from analysis of survey data for light leaf 
spot incidence (percentage of plants affected) in March/April. The 
allocation of counties to eight groups by non-hierarchical cluster 
analysis of data from 1991 to 1999 is indicated by the superscript 
numbers 1–8. Counties in italics were not included in the original 
analysis but have been allocated to regions according to their location
Region Counties
South (S) Berkshire5, Buckinghamshire5, Hampshire5, 
Oxfordshire5, Surrey, West Sussex
East Anglia (EA) Bedfordshire1, Cambridgeshire1, Hertfordshire1, 
Norfolk1, Northamptonshire1, Suffolk1
South-east (SE) East Sussex2, Essex2, Kent2
East (E) Humberside4, Leicestershire4, Lincolnshire1, 
Nottinghamshire4
North (N) Cleveland, Cumbria, Durham6, Lancashire, 
Northumberland8, North Yorkshire8, Tyne & Wear, 
West Yorkshire7
South-west (SW) Cornwall, Devon, Dorset, Gloucestershire8, 
Somerset, Wiltshire8, South Wales3
West (W) Cheshire, Derbyshire4, Hereford & Worcester3, 
Shropshire8, South Yorkshire4, Staffordshire8, 
Warwickshire4, West Midlands, Mid- and North 
Wales
Figure 1 Scores from principal coordinates analysis of seasonal 
patterns in incidence (percentage of plants affected) of light leaf spot 
(Pyrenopeziza brassicae) on winter oilseed rape in March/April for 
harvest years from 1991 to 1997, for each county/county group in 
Table 1 (i.e. 26 points). Symbols indicate allocation of counties to light 
leaf spot regions: south (), East Anglia (•), south-east (), east (), 
north (), south-west (), west ().
© 2004 BSPP Plant Pathology (2004) 53, 713–724
718 S. J. Welham et al.
summer temperature (July/August) and monthly winter
rainfall (December–February; Table 3). Mean regional
light leaf spot incidence (logit transformed) in March/
April was linearly related to mean summer temperature
and winter rainfall (76% variance accounted for):
Logit (p) = 5·0(3·92) − 0·49(0·225)Ts + 0·022(0·010)Rw
where p was regional mean incidence of light leaf spot
(percentage of plants affected) in spring, Ts was regional
mean summer temperature (July/August) and Rw regional
mean monthly winter rainfall (December to February).
Standard errors are shown in brackets after parameter
values and predicted values are shown in Table 3. There
was reasonable agreement between the regional means
and model predicted values except for the ‘south-west’
region, where the regional mean was underestimated.
Regional prediction (in autumn) of light leaf spot risk 
(in spring) from disease survey and regional weather
The final regional model based on deviations in weather
(model 1) included regional effects, the regional mean per-
centage of plants affected with light leaf spot (on pods) the
previous season ( July survey sample), deviations from
regional mean summer temperature ( July/August) and
deviations from regional mean monthly winter rainfall
(December to February inclusive). These variables together
accounted for 53·4% of the variation in the regional data.
The fitted model (model 1) was as follows (with parameter
estimates followed by standard errors):
Logit(p + 0·1) = cr + 0·035(0·009)s + 0·030(0·007)rw 
− 0·43(0·14)ts
where p is the regional mean percentage of plants affected
with light leaf spot in the spring survey, s is the regional
mean percentage of plants with pods affected by light leaf
spot in the previous summer survey, rw is the deviation in
mean monthly winter rainfall about the long-term regional
mean (mm), ts is the deviation in summer temperature about
the regional mean (°C) and cr is the effect for each region:
south, cS = −2·93 (SE 0·48); East Anglia, cEA = −3·59 (SE 0·38);
south-east, cSE = −3·39 (SE 0·51); east, cE = −2·57 (SE 0·35);
north, cN = −0·98 (SE 0·50); south-west, cSW = −2·21 (SE
0·65); west and Wales, cW = −1·72 (SE 0·50).
The final regional model based on unadjusted weather
variables (model 2) included the regional mean percentage
of plants affected with light leaf spot (on pods) the previous
Figure 2 Regional mean incidence (percentage of plants affected) of 
light leaf spot (Pyrenopeziza brassicae) in March/April for light leaf spot 
regions for seasons with harvest years from 1987 to1999. (a) south (), 
East Anglia (), south-east (), east (); (b) north (), south-west () 
and west ().
Table 3 Mean incidence (percentage of plants affected) of light leaf spot (Pyrenopeziza brassicae) in March/April for different light leaf spot regions, 
estimated from survey data, in relation to long-term regional mean summer temperature (July–August) and monthly winter rainfall (December–
February) obtained from the ARCMET historical meteorological database, and predicted regional mean light leaf spot incidence in March/April
Regiona
% of plants with light 
leaf spot in March/
April (1987–1999)b
Number of samples 




Monthly winter rainfall 
(mm) (1961–1990)
Predicted regional 
mean % of plants 
with light leaf spot
S 14.1 156 16.6 65.3 15.6
EA 11.1 325 16.2 48.8 13.7
SE 15.8 156 16.6 50.8 11.8
E 17.4 369 15.8 49.2 15.9
N 42.6 199 14.6 78.7 39.0
SW 31.5 100 16.1 84.0 25.8
W 24.0 149 15.4 79.8 31.8
aSee Table 2 for details of counties in each region.
bWinter oilseed rape growing season, specified by harvest year.
cTotal number of crops sampled in each region over this period.
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season (July survey sample), the regional mean summer
temperature (July/August) and regional mean monthly
winter rainfall (December to February inclusive) and
accounted for 53·9% of the variation in the data. The
fitted model (model 2) was:
Logit(p + 0·1) = 4·29(2·11) + 0·034(0·008)s 
+ 0·031(0·006)Rw − 0·55(0·12)Ts
where Rw is the regional mean monthly winter rainfall
(mm) and Ts is the regional summer mean temperature
(°C) and parameter estimates are followed by their stand-
ard errors.
Crop-specific prediction (in autumn) of light leaf spot 
risk (in spring) from disease survey, weather and crop 
factors
Fitted models 3 and 4 both included all the crop-specific
variables, accounting for the effects of autumn fungicide
use, cultivar light leaf spot resistance rating, sowing date
(number of weeks before/after 1 September) and the light
leaf spot incidence observed in the autumn survey. There
was a significant interaction between autumn fungicide
use and region, which suggested that fungicide use was
effective in reducing light leaf spot risk only in the four
regions with higher risk (E, N, SW, W). A new variable
was defined, which took the value 1 for regions E, N, SW,
W when autumn fungicide was used and 0 otherwise. For
model 3, the regional variables selected for the final model
were the regional mean percentage of plants affected with
light leaf spot (on pods) the previous season (July survey
sample), deviations from regional mean summer temper-
ature (July/August) and deviations from mean monthly
winter rainfall (December to February inclusive). Fitting
variables as spline terms showed the response of all the
variables to be approximately linear. For model 4, the
regional variables selected for the final model were
the regional percentage pods affected with light leaf spot
the previous season and regional mean summer tempera-
ture and monthly winter rainfall. Fitted smoothing spline
terms for this model indicated that the response to all vari-
ables except summer temperature was approximately lin-
ear, and that the response to summer temperature was
approximately quadratic. For both models, GLMM ana-
lysis confirmed this selection of variables and suggested
that standard errors for the estimated coefficients of
regional incidence of light leaf spot on pods in the previ-
ous season, summer temperature and winter rainfall were
underestimated by a factor of three. Parameter estimates
from the fitted models, with standard errors, are shown in
Table 4. The percentage deviance accounted for by regional
factors alone was 30·2% for model 3 and 30·8% for model
4, indicating that addition of the crop-specific variables to
the models improved the fit, although there was still much
variation unaccounted for.
Assessment of sources of variability
GLMM analysis for both final models, plus models exclud-
ing the regional scale variables and including random terms
for region, season and region × season gave similar levels of
variation (estimated variance components) between seasons
and between regions (Table 5). The season × region inter-
action was larger, indicating substantial variation between
seasons that differed between regions. However, these
estimates were small compared with the dispersion
parameter, which indicated very large variation within
regions that was not explained by the model. This was
reflected in the relatively small percentage deviance
accounted for and correlation between fitted values and
observed data (Table 4). The change in variance com-
ponent estimates provided an indication of the variation
explained by the regional scale variables at each level. By
definition, all of the regional variation was accounted for
in model 3, which included a fixed regional effect. How-
ever, model 4, which used unadjusted weather variables
without explicit regional effects, still accounted for most
of the regional variation, because regional differences
were largely accounted for by differences in mean summer
temperature and winter rainfall, as described earlier. A
large proportion of variation between seasons was
accounted for by the regional scale variables, but the
region × season interaction was largely unaccounted for.
Crop-specific prediction (in autumn) of risk of severe 
light leaf spot epidemic (> 25% of plants affected in 
spring) from disease survey, weather and crop factors
For the binary response variable, > 25% of plants affected
with light leaf spot in March/April, the variables which
gave the best predictions of the probability of severe light
leaf spot epidemics (> 25% of plants affected) in fitted
models 5 and 6 were the same variables used for models
3 and 4, respectively. These models could thus be used
alongside models 3 or 4 to estimate the probability of a
severe epidemic. Parameter estimates from the fitted mod-
els, with standard errors, are shown in Table 4.
Model validation and assessment of uncertainty in 
model predictions
Table 6 shows the MSEP values calculated with respect to
the validation data set at crop and regional scales for pre-
dictions from the crop-specific model using actual crop
values and long-term regional means for crop factors, and
from the regional model. At the crop scale, the MSEP values
were smallest for the crop-specific model using actual crop
data. There was an increase of 13–21% in MSEP in predict-
ing from the crop-specific model with long-term regional
mean values for the crop factors, and a 56–64% increase
in MSEP in predicting from the regional model. These
results indicate that a substantial improvement in predic-
tion was achieved by using crop factors in the model. At
the regional scale, there was little difference between MSEP
values for either the crop-specific or regional models. How-
ever, at both scales the MSEP values were consistently
smaller for the models based on deviations in weather
from the regional mean (models 1 and 3) than for models
based on actual weather (models 2 and 4). Figure 3 shows
© 2004 BSPP Plant Pathology (2004) 53, 713–724
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the observed regional mean percentage of plants affected
with light leaf spot for seasons with harvest years 2000–
03, with regional means calculated from individual crop
predictions from model 3.
For predicting risk of a severe epidemic, comparison of
model predictions with the observed number of crops per
region with > 25% plants affected in spring 2000–03 was
performed using a binomial distribution with average
regional success probability estimated from model 5 or 6
based on either actual crop values or regional long-term
means for crop factors. For models 5 and 6 based on
individual crop values, there were four and seven obser-
vations, respectively, not compatible with the predic-
tions (P ≤ 0·05, two-sided test). For models 5 and 6 using
regional means for crop values, there were six and nine
observations, respectively, not compatible with the predic-
tions (P ≤ 0·05). If the models described the risk of severe
epidemics well, this number of incompatible observations
would be unlikely (P = 0·05 for four or more incompatible
observations). However, these results again indicate that
predictions from a model based on deviations in weather
(model 5) performed better than the model using actual
weather (model 6) and that predictions were improved by
using individual crop data. For model 5, three of the four
observations incompatible with the data occurred in
spring 2002 (regions N, E and EA) and all underestimated
Table 4 Summary statistics and parameter estimates for predicting, in October, percentage of winter oilseed rape plants affected with light leaf spot 
(Pyrenopeziza brassicae) or the risk of a severe epidemic (> 25% of plants affected with light leaf spot) in March/April at the individual crop scale, 
in terms of regional light leaf spot incidence from the previous July, regional weather parameters and individual crop factors. Standard errors are 
shown in brackets after parameter estimates
Term in model
Parameter estimates from GLM analysis to predict:









Constant – 60.0 (7.0) – 92.5 (10.6)
Effect for region S −0.27 (0.34) – 0.76 (0.48) –
Effect for region EA −0.95 (0.33) – −0.37 (0.47) –
Effect for region SE −0.56 (0.34) – 0.53 (0.47) –
Effect for region E 0.30 (0.31) – 1.29 (0.45) –
Effect for region N 1.17 (0.33) – 2.13 (0.47) –
Effect for region SW 0.05 (0.38) – 0.88 (0.47) –
Effect for region W 0.46 (0.33) – 1.36 (0.47) –
Regional % of plants with light leaf spot in previous July 0.026 (0.007)a 0.026 (0.010)a 0.031 (0.004) 0.032 (0.004)
Regional summer temperature (linear term) −0.33 (0.17)a −7.03 (2.5)a −0.31 (0.07) −10.80 (1.27)
Regional summer temperature (quadratic term) – 0.20 (0.08)a – 0.31 (0.04)
Regional winter rainfall 0.017 (0.007)a 0.015 (0.007)a 0.017 (0.003) 0.014 (0.003)
Autumn fungicide use in E, N, SW or W region (0/1) −1.13 (0.20) −0.86 (0.20) −1.51 (0.30) −1.19 (0.30)
Crop cultivar light leaf spot resistance rating −0.32 (0.05) −0.29 (0.05) −0.40 (0.07) −0.37 (0.07)
Crop sowing date (number of weeks before/after 1 September) −0.12 (0.04) −0.16 (0.04) −0.13 (0.05) −0.18 (0.05)
% of plants with light leaf spot in crop, autumn sample 0.046 (0.016) 0.046 (0.016) 0.042 (0.026) 0.042 (0.026)
% deviance accounted forb 35.7 35.7 24.6 25.4
Correlation r of fitted values and observed data (logit scale) 0.63 0.62 0.54 0.53
Deviance accounted for by model 6630 6613 358 370
Residual deviance 11 925 11 942 1100 1088
Residual d.f. 1240 1245 1240 1245
Dispersion estimate 9.6 9.6 n/a n/a
AIC 11 953 11 960 1128 1106
Number of observations 1254 1254 1254 1254
aStandard errors from the GLM have been multiplied by 3 to give a better indication of uncertainty as indicated by GLMM analysis.
bPercentage deviance accounted for calculated as 100 × (1 − Dm/Dc), where Dm is the residual deviance for the model and Dc is the residual deviance 
for a model with an intercept only. Note this does not adjust for degrees of freedom used.
Table 5 Estimated variance components from a GLMM analysis, 
modelling percentage of plants affected with light leaf spot 
(Pyrenopeziza brassicae) in March/April for individual winter oilseed 
rape crops in terms of regional and crop factors, estimating variation 











Region – 0.03 0.74
Season 0.29 0.24 0.94
Season × region 0.66 0.70 0.75
Dispersion 8.08 8.00 8.00
aWinter oilseed rape growing season, specified by harvest year.
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the risk of a severe epidemic. Although there was little
light leaf spot incidence on pods in summer 2001, there
were relatively high levels of stem infection which could
also lead to ascospore production but were unaccounted
for by the model and could explain the under-prediction
for spring 2002.
Because there was some evidence that the models might
not produce accurate predictions, it was important to
indicate the likely variation of observations about the
predicted regional value. For a given predicted value p,
this was done by examining the empirical distribution of
individual crop values from the same region with similar
predicted values. For example, predictions could be made
in autumn 2000, of percentage of plants affected with
light leaf spot in spring 2001 for crops in the north (N) or
East Anglian (EA) regions sown on 1 September with cv.
Apex (light leaf spot resistance rating 5). Using model 3,
the predicted percentages of plants affected were 8·3%
(EA, no autumn fungicide treatment for light leaf spot),
3·0% (EA, with fungicide), 69·2% (N, no fungicide) and
43·4% (N, with fungicide). Figure 4 shows the empirical
distribution of subsets of survey data from 1987 to 1999
that had predictions falling within ± 5 percentile points of
these values. In all cases, observed light leaf spot incidence
in March/April ranged across the categories from < 5%
to 50–75%. Thus, even when the predicted regional
Table 6 Mean square error of prediction (MSEP) calculated at crop and 
regional scale for percentage of plants affected with light leaf spot 
(Pyrenopeziza brassicae) in March/April  recorded in the winter oilseed 
rape survey during 2000–2003 using crop-specific models (models 3 
and 4) and regional models (models 1 and 2). The relative value of the 
MSEP as a percentage of the smallest crop/regional scale MSEP is 
shown in brackets after the MSEP value
Model/weather variables
Scale of predictions 
Crop scale Regional scale
Crop-specific model using actual crop data
Deviations in weather (model 3) 11.71 (100) 21.30 (103)
Actual weather (model 4) 13.48 (115) 22.15 (107)
Crop-specific model using long-term regional
mean values for crop factors
Deviations in weather (model 3) 13.27 (113) 20.62 (100)
Actual weather (model 4) 16.31 (139) 22.19 (108)
Regional model
Deviations in weather (model 1) 19.25 (164) 20.88 (101)
Actual weather (model 2) 20.98 (179) 22.15 (107)
Figure 3 Observed and predicted regional mean incidence 
(percentage of plants affected) of light leaf spot (Pyrenopeziza 
brassicae) in March/April for light leaf spot regions for seasons with 
harvest years 2000 (•), 2001 (), 2002 () and 2003 (). Predicted 
values were calculated as regional means of individual crop 
predictions from the crop-specific model 3. The 1:1 line representing 
perfect prediction is also shown.
Figure 4 Frequency distribution of individual crop values during 1987–
99 for percentage of plants affected with light leaf spot (Pyrenopeziza 
brassicae) in March/April with fitted values within ± 5 percentile points 
of values predicted by model 1 for: (a) East Anglia light leaf spot (P. 
brassicae) region without fungicide (shaded bar, predicted value 8·3% 
plants affected) and with an autumn fungicide application targeted at 
light leaf spot (white bar, predicted value 3·0% plants affected); and (b) 
north region without fungicide (shaded bar, predicted value 69% plants 
affected) and with an autumn fungicide application targeted at light leaf 
spot (white bar, predicted value 43% plants affected).
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incidence was 3% (EA, with fungicide), a small number of
crops with severe epidemics would be expected. The wide
distribution in data values for these predictions illustrates
the unexplained variation in the data. Publication of these
histograms with model predictions serves to alert the user
to the uncertainty in the forecast.
Discussion
These results show that it is possible to predict, in autumn,
the average regional incidence of light leaf spot in spring
using survey data and weather data. The factors found to
be important can be interpreted in terms of their influence
on components of epidemics. The incidence of light leaf
spot at the end of the previous season in July presumably
influences the amount of primary inoculum available to
initiate epidemics at the start of the next season. The
amount of ascospore inoculum available is known to
influence the severity of light leaf spot epidemics greatly
(Gilles et al., 2000a; Papastamati et al., 2001, 2002). The
effect of increasing summer temperature on decreasing
light leaf spot incidence the following spring probably also
relates to primary inoculum, as fewer ascospores mature
at higher temperatures (> 20°C) (Gilles et al., 2001a;
Evans et al., 2003). The effect of increasing winter rainfall
on increasing light leaf spot incidence can be explained
because secondary spread occurs by splash dispersal of
conidia (Evans et al., 1999a; Gilles et al., 2000a). Thus,
these empirical models can be used to guide growers
about the regional risk of severe light leaf spot epidemics
in any given season through press releases, the internet
(Sutherland et al., 2002) and as part of decision support
systems (e.g. PASSWORD, http://password.csl.gov.uk/).
The regional predictions can be made more crop-
specific by inclusion of cultivar (resistance), sowing date,
autumn fungicide use and autumn survey information.
Crop-specific information has been used to develop an
interactive web-based forecast, which allows growers to
input their own information (www3.res.bbsrc.ac.uk/
leafspot). This interactive forecast can be used to help
guide choice of cultivar and sowing date (before the start
of the growing season) and autumn fungicide use. The fore-
casts could be improved by including local weather data
instead of regional data since local weather variation can
be adjusted for in either of models 3 or 4. In this context,
model 4 (unadjusted weather) may be more user-friendly,
and also avoid problems at regional boundaries, although
model 3 (deviations in weather from regional mean) per-
formed better on the validation data. Whilst the forecasts
indicate predicted effects of autumn fungicide use on epi-
demic severity, differences in fungicide timing may influ-
ence effectiveness of autumn fungicide treatments (Steed
et al., 1999). It is probable that autumn fungicide use in
S, EA and SE regions, which showed no effect of autumn
fungicide application, was mainly targeted at phoma leaf
spot (Leptosphaeria maculans) and therefore suboptimal
for light leaf spot control. Fungicide effects should be
included in predictions in S, EA or SE regions only where
autumn fungicide use is targeted at light leaf spot control.
Occurrence of light leaf spot on crops in the autumn, as
assessed by the autumn sample, is possibly the best indi-
cator of local inoculum levels, which can greatly affect
light leaf spot incidence later in the season (Evans et al.,
1999a,b, 2003). In the autumn survey, few crops were
affected with light leaf spot (Table 7), although only a sin-
gle visit was made to each crop in the autumn. Growers
could overcome this problem for individual crops by
monthly autumn sampling, which would improve detec-
tion of disease and hence prediction of risk (Fitt et al.,
1998). This would, however, introduce a considerable,
and probably unrealistic, overhead of sampling time into
the management practices for this disease.
The model did not account for the season × region
interaction, i.e. changes in relative disease incidence
between regions across seasons. Investigations on interac-
tions between regions, survey and weather data suggested
that summer temperature was more important in north/
east regions, incidence of light leaf spot on pods in the pre-
vious season was more important in the east region and
winter rainfall was important in all regions (Welham
et al., 1999). These models, however, were based on a
small number of data points (nine to 13) selected from a
large number of potential explanatory variables. In com-
parison, the current regional scale models are based on
regression with 88 season × region combinations. With
further data, more reliable within-region models could be
developed to account for season × region variation.
These results demonstrate how long-term survey and
weather data can be used to construct empirical models,
which can help to provide growers with tactical guidance
of the risks of severe light leaf spot epidemics in their
crops. There is scope for improving these empirical mod-
els by combining them with process-based simulation
models that predict epidemic progress within crops over
time (Papastamati et al., 2001, 2002). This type of model
can account for the interaction between the plant, pathogen
and weather conditions (Welham et al., 2000), but such
an approach requires detailed quantitative knowledge
Table 7 Number and percentage of winter oilseed rape crops where 
light leaf spot (Pyrenopeziza brassicae) has been recorded in the 
autumn winter oilseed rape survey in each of seven light leaf spot 
regions, 1987–1999a
Regionb
Total number of crops 
with autumn samples 
(1987–1999)
Number of autumn 
samples where light 




S 117 3 2.6
EA 230 0 0
SE 126 5 4.0
E 248 5 2.0
N 146 11 7.5
SW 88 8 9.1
W 110 5 4.5
aWinter oilseed rape seasons, specified by harvest years (i.e. for 1987, 
the sample was in autumn 1986).
bSee Table 2 for details of counties in each region.
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of factors influencing the epidemic to give realistic
predictions. Papastamati et al. (2001, 2002) found that
the input of ascospore numbers was essential for predict-
ing the onset of the epidemic. It may ultimately be possible
to use weather-based models (Gilles et al., 2001a) or
direct measurements with novel spore samplers (Calderon
et al., 2002) to obtain this information.
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